After adaptation of rats to a 900Yo-casein diet, hepatic uptake of alanine is strikingly increased in vivo, with concomitant appearance of a concentration gradient favourable for uptake. With a high-protein diet, uptake of 2-aminoisobutyrate by isolated hepatocytes in the presence of various concentrations of substrates suggested induction of the A system (high-affinity system), whose emergence has been reported during starvation or after glucagon treatment. The other systems (ASC, L) were characterized: induction processes only affected the A system. Dibutyryl cyclic AMP addition resulted in an increase in 2-aminoisobutyrate transport at low substrate concentration, the response being greater after adaptation to a high-protein diet. Evidence is presented suggesting that the increased uptake of amino acids by the liver of rats fed on high-protein diets is obtained by developing favourable gradients and enhancing transport capacities. These adaptations allow sufficient amounts of amino acids to enter the liver, where accelerated metabolism plays a decisive role.
Both amino acid metabolism and transport could be influenced by dietary or hormonal factors (Le Cam & Freychet, 1976; Guidotti et al., 1978; Canivet et al., 1980) . During starvation (Fehlmann et al., 1979) , there is also an increase in amino acid transport resulting from the emergence of the A system, which increases the ability of hepatocytes to concentrate amino acids at low blood concentrations. According to Sips et al. (1980) and McGivan et al. (1981) , at low alanine concentrations the transport of this amino acid appears to be rate-limiting for metabolism. When the availability of amino acids is raised after giving high-protein diets, another situation occurs, as there is a more favourable gradient for amino acid uptake (Remesy et al., 1978) . At the very high alanine concentrations encountered in portal blood of these fed rats, the question arises whether alanine transVol. 206 port is still enhanced by the induction of new transport systems. The aim of the present investigation was thus to characterize the responsiveness of the A, ASC and L systems after adaptation to a high-protein diet. In contrast with starvation, the induction of the A system by a high-protein diet was observed in the presence of a high availability of amino acids, but accelerated alanine metabolism must be more important than increased transport.
Materials and methods Chemicals
2-Amino[ 1-_4C]isobutyric acid (60 mCi/mol) and ['4C ]cycloleucine (60mCi/mol) were purchased from The Radiochemical Centre (Amersham, Bucks., U.K.); 3H20 (1 mCi/ml) and ['4C] inulin (8.5 Ci/mol) Determination of alanine and leucine concentrations in liver andplasma Fed rats were sampled 5 h after the beginning of food intake. The rats were anaesthetized with sodium pentobarbital (40mg/kg) and maintained at 370C on a warming plate. After laparotomy, blood was withdrawn in heparinized syringes (1 ml) from either portal vein, then from the aorta or from hepatic vein (in the left hepatic lobe). Liver sampling and determination of alanine and leucine were performed as previously described (Remesy et al., 1978) .
Preparation ofisolated hepatocytes
Hepatocytes were isolated from fed rats after 10 days adaptation, at 14:00h, i.e. 5 h after the onset of feeding. Collagenase dissociation was performed by the method of Berry & Friend (1969) as modified by Krebs et al. (1974) . The integrity of the hepatocytes was estimated by cell-membrane refractoriness in phase-contrast microscopy and was about 90%. Incubation was performed in Krebs-Henseleit (1932) (Krebs et al., 1974) . The resulting solution was incubated at 370C for 6min with appropriate agitation. For measurement of the time course of 2-aminoisobutyrate uptake, 2ml of hepatocyte suspension was incubated at 370C with radioactive 2-aminoisobutyrate (1,uCi) over a period of 20min in 20ml flasks, with agitation, and gassed with C02/02
(1:19). Samples (250p1) of hepatocyte suspension were taken at the required times. The reaction was stopped by addition of 1.0ml of ice-cold Krebs albumin buffer to the microfuge tubes, which were immediately centrifuged for 5s at about 1000g. The supernatant was discarded and the cells were resuspended in 1.0ml of chilled buffer. The same procedure was used to collect the cell pellets, which were dissolved in 100,ul of formic acid before transfer to counting vials with 300,ul of ethanol and 5ml of scintillation liquid (Ready-Solv HP; Beckman, Gagny, France).
The residual extracellular radioactivity that was still associated with the cells after the washing procedure did not exceed 5% of the total uptake. By determination of the time course of 2-amino[ 4C]isobutyrate efflux at 0°C, it was shown that there was minor loss of radioactivity by the cells with this procedure (8% in 40min); as the time of washing and isolation did not exceed 2min, this factor is therefore not critical.
For calculation of 2-aminoisobutyrate distribution ratio between extra-and intra-cellular space, aqueous cell volume was determined by incubating hepatocytes with 3H20 and ['4C]inulin for 5min at 370C. In this last procedure, the incubation was stopped by centrifuging the cell suspension (800p1) 
Results
Alanine and leucine concentrations in liver and plasmafrom blood vessels supplying the liver The arterial concentration of alanine was barely modified by increased dietary protein (0.77 and 0.92mM with low-and high-protein diets respectively), in contrast with arterial leucine concentration (0.18 and 0.83mM). As shown in Table 1 , patterns of hepatic uptake of alanine and leucine were very different. Alanine was moderately removed by the liver of high-carbohydrate-fed rats Table 1 . Concentrations ofalanine and leucine in liver andplasma in ratsfed on low-or high-protein diets It was assumed that portal vein and hepatic artery represent 70% and 30%o of the afferent hepatic blood flow respectively. Afferent concentration is thus: 0.7 (portal-vein concn.)+0.3 (aorta concn.) (Remesy et al., 1978) . Values are means + S.E.M. for ten rats.
Concn. of alanine (mM) Concn. of leucine (mM) (uptake 25%). After adaptation to a high-protein diet, alanine uptake by liver was strongly increased; 72% of alanine reaching the liver was taken up. The hepatic uptake of leucine was extremly limited with a 13%-casein diet, whereas much more leucine was removed by the liver (32%) when leucine in the afferent plasma was dramatically increased by giving a high-protein diet.
TIme course of2-aminoisobutyrate uptake Fig. 1(a) shows that 2-aminoisobutyrate uptake and distribution ratio (intracellular/extracellular concn.) at 0.1 mm concentration were higher in cells from rats fed on the higher-casein diet. 2-Aminoisobutyrate uptake by two batches of cells at high concentration of 2-aminoisobutyrate (50mM) was of the same magnitude, with a slight stimulation in cells from rats on a 90%-casein diet (Fig. lb) . Kinetic analysis ofinflux 2-Aminoisobutyrate uptake increased linearly with time, at least during 6 min, and thus the effect of substrate concentration could be determined after 6 min incubation. Fig. 2(a) shows the dependence of 2-aminoisobutyrate transport on substrate concentration; it appears that, over the entire concentration range, and particularly for the lowest concentration, there was a greater uptake of 2-aminoisobutyrate in hepatocytes from rats fed on a 90%-casein diet. Plots of rate against substrate concentration do not provide unequivocal information about the nature of the transport system implicated, because 2-aminoisobutyrate could be carried by two Na+-dependent systems (A and ASC). The plot of transport rate (v) against v/[substratel (Fig. 2b) indicates that 2-aminoisobutyrate transport was mediated by one or several carriers of similar affinity in hepatocytes from rats fed on a 13%-casein diet. In contrast, after adaptation of rats to a high-protein diet, liver parenchymal cells transported 2-aminoisobutyrate with carriers of various affinities. In Na+-free medium, uptake of 2-aminoisobutyrate by hepatocytes was not significantly different in rats adapted to either diet. The rate of uptake was linearly related to 2-aminoisobutyrate concentration; this observation agrees with the characteristics of a passive diffusion process.
Inhibition of2-aminoisobutyrate uptake by L-alanine and L-serine Both amino acids have been reported to be transported by the A and ASC systems (Christensen et al., 1973) , and these natural amino acids inhibit the Na+-dependent uptake of 2-aminoisobutyrate, which is also transported by both A and ASC systems. This allows us to determine the importance of the diffusion process for two batches of cells. At these Vol. 206 concentrations of 2-aminoisobutyrate and inhibitors, this process contributed 20% and 40% of 2-aminoisobutyrate uptake by the cells from rats fed on 90%-or 13%-casein diets respectively (Fig. 3) .
Characterization ofinduced transport system
Cycloleucine incorporation was measured in the absence of Na+ for characterization of the L system. Hepatocytes isolated from rats fed on 13%-or 90%-casein diets were incubated for 6 min with 2-aminoisobutyrate concentrations in the range 0.1-30mM. Choline was used as a substitute for Na+ when a Na+-free medium was required during transport assay. Fig. 2(a) represents rate of 2-aminoisobutyrate transport, and in Fig. 2(b No change in this last system was detected with the high-protein diet (Table 2) .
To verify the emergence of the A system in hepatocytes from rats fed on 90%-casein diet, 2-aminoisobutyrate incorporation was studied in the presence of N-methylaminoisobutyrate, which is a competitive inhibitor of the A system. There was no difference in 2-aminoisobutyrate uptake by cells Table 2 . Comparative changes in the activity of the A, L and ASC systems after adaptation to a high-protein diet:
effects ofdibutyryl cyclic AMP
The various systems were characterized as follows: L-system transporting cycloleucine in Na+-free medium; passive diffusion of 2-aminoisobutyrate in Na+-free medium; total transport in Na+ medium; inhibition of A system by N-methylisobutyrate. from the two groups of rats in the absence of Na+ or in the presence of Na+ and 20mM-N-methylaminoisobutyrate. The emergence of the A system thus accounted for the increase in 2-aminoisobutyrate incorporation in rats fed on the high-protein diet. These changes were apparently mimicked by previous incubation with dibutyryl cyclic AMP, and the response to dibutyryl cyclic AMP was markedly higher after adaptation to the high-protein diet. (Table 2 ).
Discussion
In rats fed on high-carbohydrate diets, alanine was taken up by the, liver against a concentration gradient, but uptake was relatively low, concomitant with digestive supply (Remesy & Demigne, 1982) . With high-protein diets, favourable concentration gradients were established for alanine uptake by the large supply from both the digestive tract and extrahepatic tissue metabolism and by the decrease in intracellular alanine, owing to the high activity of alanine aminotransferase (Kaplan & Pitot, 1970) . Apparently accelerated transport could easily be explained by an increase in the alanine concentration of afferent blood from about 1 to 2 mm, since the transport Km for alanine is about 4mM (Joseph et al., 1978; Sips et al., 1980) . In fact alanine transport is certainly competitively inhibited by the increased concentration of several amino acids in the portal vein. Thus accelerated transport may result from induction or activation of various transport systems. The fact that intrahepatic alanine is lower in high-protein-fed rats than in low-protein-fed rats, despite the increased alanine supply, indicates that accelerated alanine metabolism must be more important than accelerated transport. With standard diets it is possible that transport is no longer limiting for metabolism of alanine in excess of 1 mm when the activity of alanine aminotransferase (EC 2.6.1.2) is normal. But in high-protein-fed rats, the activity of the aminotransferase is about 6 times that in 13%-casein-fed rats (results not shown), and thus the threshold of blood alanine concentration for which the transport is limiting is certainly higher.
Leucine uptake was only observed in the presence of a favourable concentration gradient with highprotein diets, and in this case we have not observed any change in the activity of the L system. Various mechanisms could be invoked in explanation: adaptation of enzymes of leucine catabolism, such as leucine aminotransferase (EC 2.6.1.6) (Krebs, 1972) and 4-methyl-2-oxopentanoate dehydrogenase (EC 1.2.4.4) (Wohlhueter & Harper, 1970) ; increased transamination related to accumulation of leucine in the liver; increased protein synthesis.
The question arises of the participation of transport processes in the regulation of amino acid metabolism and interorgan relationships. The use of non-metabolizable analogues has been found suitable for investigating this problem, although the nature and the diversity of natural amino acid carriers (Joseph et al., 1978; Kilberg et al., 1980) are not necessarily reflected by these particular amino acids. Most amino acids are more efficiently taken up by the liver with high-protein diets (Remesy et al., 1978) ; it could therefore be interesting to assess if stimulation of the A system alone accounts for this phenomenon. In rats on high-carbohydrate diets, the plot of v against v/s was linear (r = 0.80) for the carrier system that could be identified as the ASC system, since the Km was higher than 30mM and the Vmax estimated as 28 nmol/min per 106 cells.
In fact, among various Na+-dependent systems, the A system alone appeared responsive to dietary protein and accounted for the higher capacity for Vol. 206 2-aminoisobutyrate transport by hepatocytes; this view was supported by the fact that neither the L system (cycloleucine-transporting) nor the ASC system exhibited any substantial change. Identification of factors responsible for this adaptation is complex, as various hormonal influences for the induction of the A system have been reported: glucocorticoids, adrenaline (Canivet et al., 1980) , glucagon and cyclic AMP (Le Cam & Freychet, 1976) . Glucagon, which is enhanced in rats fed on high-protein diets (Eisenstein & Strack, 1978) , could be a candidate for stimulating amino acid transport, through cyclic AMP (Tews et al., 1975) . In fact, glucagon could induce a biphasic stimulation of amino acid uptake, the first phase being dependent on cell-membrane polarization and the second phase on protein synthesis (Edmondson & Lumeng, 1980) . Moreover, cyclic AMP may also stimulate alanine uptake by an effect on intracellular metabolism (McGivan et al., 1981) . The present results show that dibutyryl cyclic AMP may increase 2-aminoisobutyrate transport probably by the induction of the A system, as suggested by Le Cam & Freychet (1976) and Fehlmann et al. (1979) . This response was more marked after adaptation to a high-protein diet and was particularly striking if the basal uptake of 2-aminoisobutyrate is considered. However, the origin of this difference is still unknown: higher rate of release of cyclic AMP from dibutyryl cyclic AMP, or increase in the production of mRNA, or increase in the rate of protein synthesis. In support of our results, Tews & Harper (1976) have also reported that liver slices from rats adapted to high-carbohydrate diets were less responsive to glucagon or to cyclic AMP; however, insulin probably played a key role with such diets. In fact, the mechanisms of induction of transport systems are still speculative even if synthesis of protein seems required (Canivet et al., 1980) , for production of either new carrier units and/or regulatory proteins.
The present work suggests that the emergence of the A system takes place in fed rats after adaptation to a high-protein diet. The same phenomenon occurs in starvation, when transport processes and the low alanine concentration are certainly rate-limiting for metabolism. With high-protein diets, accelerated metabolism seems decisive, but more detailed studies are necessary for assessment of the limiting character of transport processes.
